PURPOSE Treatment options are limited for patients with relapsed/refractory diffuse large B-cell lymphoma (DLBCL). Tumor cells can exploit the programmed death-1 checkpoint pathway to evade immune surveillance. In the current study, we evaluated the efficacy and safety of programmed death-1 blockade by nivolumab in patients with relapsed/refractory DLBCL.
INTRODUCTION
Diffuse large B-cell lymphoma (DLBCL) is the most common subtype of non-Hodgkin lymphoma worldwide. 1 With standard front-line therapy, approximately two thirds of adult patients achieve long-term remission and others who experience chemosensitive relapse may benefit from autologous hematopoietic cell transplantation (auto-HCT). 2, 3 However, patients with refractory DLBCL or those who are unsuitable for or who have experienced relapse after auto-HCT have limited treatment options, 4 with a median survival of only 6 to 10 months from progression. 3, 5 Early results of chimeric antigen receptor T-cell therapy in small numbers of selected patients with refractory DLBCL are promising, but the technology is costly and longterm data are not available. 6 Accessible treatments that provide durable responses and improved outcomes are needed in this setting.
Programmed death-1 (PD-1) and its ligands PD-L1/ PD-L2 are immune checkpoints that, in healthy populations, downregulate immune response and are crucial for maintaining self-tolerance and preventing autoimmunity. 7, 8 Genes that encode PD-L1/PD-L2 are located on chromosome 9p24.1. 9 Genetic alterations at the locus lead to ligand overexpression, which is common in Hodgkin lymphoma (HL) but are yet to be fully characterized in DLBCL. [10] [11] [12] Overexpression of PD-L1 by tumor cells and on tumor-infiltrating nonmalignant cells in the tumor microenvironment has the potential to interact with PD-1-expressing T cells and B cells, which results in the inhibition of antitumor immune response. 7, 8 Increased PD-L1 expression has been found in certain defined subtypes of large B-cell lymphoma (LBCL), such as primary mediastinal B-cell lymphoma and Epstein-Barr virus (EBV)-positive and select non-germinal center cell DLBCLs, and is associated with inferior overall survival (OS). 8, 10, 12, 13 Thus, blockade of the PD-1/PD-L1 pathway may have the potential to exert antitumor effects in certain subsets of DLBCL.
Nivolumab is a fully human immunoglobulin G4 anti-PD-1 monoclonal antibody that blocks tumor cell signaling via the PD-1 pathway, which releases T cells from the inhibitory effects of tumor cells and restores T-cell-mediated antitumor immune responses. 14 In clinical trials, nivolumab monotherapy has demonstrated activity in solid tumors, including melanoma, non-small-cell lung cancer, renal cell cancer, and bladder cancer, among others, [15] [16] [17] [18] and in relapsed/refractory classic HL (cHL). 19, 20 In a phase I doseescalation study of nivolumab monotherapy in patients with relapsed/refractory hematologic malignancies, four of 11 patients with DLBCL demonstrated objective responses. 21 These preliminary results led to this phase II study, which evaluated the efficacy and safety of nivolumab monotherapy in patients with relapsed/refractory DLBCL after auto-HCT or who were not candidates for auto-HCT.
METHODS

Study Design and Patients
This was a multicenter, single-arm, open-label, phase II study conducted in accordance with Good Clinical Practice and the Declaration of Helsinki and approved by the institutional review board and independent ethics committee. All patients provided written informed consent before trial enrollment.
Eligibility criteria included age 18 years or older and Eastern Cooperative Oncology Group performance status of 0 or 1. Patients had de novo DLBCL or transformed lymphoma (confirmed by biopsy before initiation of the study drug) that had either relapsed after high-dose conditioning chemotherapy and auto-HCT or was relapsed/refractory after two or more prior multiagent chemotherapy regimens if auto-HCT ineligible. Key exclusion criteria included prior therapy with any an antibody or drug specifically targeting T-cell costimulation or checkpoint pathways, prior allogeneic HCT, known CNS lymphoma, and history of interstitial lung disease.
Treatment
Patients received nivolumab 3 mg/kg intravenously over 60 minutes every 2 weeks until disease progression, unacceptable toxicity, or withdrawal from the study. Dose delays were permitted for drug-related adverse events (AEs), but dose escalations or reductions were not. Treatment beyond investigator-assessed disease progression was permitted in patients who did not experience rapid disease progression and who had investigator-determined clinical benefit from nivolumab and stable performance status.
Assessments
Efficacy. Patients were evaluated for tumor response according to the 2007 International Working Group response criteria for malignant lymphoma 22 using spiral computed tomography/magnetic resonance imaging. Evaluation was performed at baseline, beginning at week 9 and continuing every 8 weeks through the first 8 months of treatment, every 12 weeks during months 9 to 24, and then every 6 months thereafter until disease progression or until the patient initiated a preparative regimen for allogeneic or auto-HCT. Tumor assessments via fluorodeoxyglucosepositron emission tomography were performed at baseline and were required to confirm complete remission (CR). Baseline and all subsequent scans were submitted to an independent radiology review committee (IRC) for assessment.
Safety. Safety evaluations included assessment of AEs, clinical laboratory tests, and physical examination with assessment of Eastern Cooperative Oncology Group performance status. Local laboratory assessments were performed within 72 hours before dosing. After discontinuation from the study, safety evaluations were scheduled at the first follow-up visit (35 days from the last dose) and the second follow-up (80 days from the first follow-up visit). Patients were then observed every 3 months for ongoing treatment-related AEs and survival.
Biomarkers. In patients with archival tumor biopsies, 9p24.1 genetic alterations were evaluated using a fluorescence in situ hybridization (FISH) assay. Probes encompassed CD274 (PD-L1) or PDCD1LG2 (PD-L2) and included a centromeric control. Copy number alterations were defined as previously described 11, 23 on the basis of the target:control signal ratio in 50 analyzed tumor cells per DLBCL. Nuclei with a target:control signal ratio of 3 or more: 1 were defined as coamplified for PD-L1 and PD-L2, and those with a signal ratio of more than 1:1 but less than 3:1 were classified as having relative copy gain. Nuclei with a signal ratio of 1:1 were defined as either polysomic if more than two copies per probe or disomic if there were exactly two copies of the target and control probes. 11 For each patient, we noted the percentage and magnitude of 9p24.1 amplification, copy gain, polysomy, and disomy. Patients were classified by the highest observed level of 9p24.1 genetic alteration. Those with 9p24.1 copy gain lacked amplification and those with 9p polysomy lacked 9p24.1 copy gain or amplification. Chromosomal rearrangements that involved PD-L1 or PD-L2 were also detected with this assay.
We performed dual immunohistochemical staining of PD-L1 (clone 405.9A11) 24 and PAX5 (24/Pax-5; BD Biosciences, San Jose, CA) to delineate PD-L1 expression on tumor biopsies, as previously described. 19, 23 H-score (0 to 300) was calculated by multiplying the percentage of malignant (PAX5 dim+ ) cells with PD-L1-positive staining and the average intensity of staining (0 to 3 or more on 50 malignant cells).
Cell-of-origin (COO) assay by gene expression profiling was performed at Bristol-Myers Squibb by targeted expression directly from formalin-fixed, paraffin-embedded sections as previously described. 25 The HTG EdgeSeq DLBCL Cell of Origin Assay comprised probes that targeted 93 genes commonly assessed in lymphomas. Cell Of Origin was assigned using HTG proprietary software (HTG Molecular Diagnostics, Tucson, AZ).
In situ hybridization was performed for EBV-encoded RNA-1 (EBER-1) using formalin-fixed, paraffin-embedded tissue samples. We tested RNA preservation using a nonspecific positive control, and background was assessed with a negative control. Scoring was performed for EBV/EBER if RNA was preserved and score was greater than background. Scores were EBV/EBER positive nuclear staining of any intensity greater than background in tumor cells.
Outcomes
The primary end point was objective response rate (ORR), defined as either partial remission (PR) or CR, as assessed by IRC using the 2007 revised International Working Group criteria. Secondary objectives included duration of response (DOR) on the basis of IRC assessments, IRCassessed CR rate and duration of CR, IRC-assessed PR rate and duration of PR (DOPR), IRC-assessed progression-free survival (PFS), and investigator-assessed ORR. OS, safety and tolerability, and biomarker assessment were among additional exploratory end points.
Statistical Analyses
Planned sample size was approximately 120 treated patients, divided into two treatment groups on the basis of prior auto-HCT failure (n = 90) or auto-HCT ineligibility (n = 30). The primary analysis population for safety and efficacy was all patients who had received one or more dose of nivolumab. The protocol had an interim analysis that allowed for discontinuation of the study as a result of a lack of efficacy; however, accrual was rapid and the protocol allowed continued enrollment while the interim analysis was performed. This resulted in complete accrual before the interim analysis was concluded. For the auto-HCTfailed cohort, the null hypothesis that the true ORR was 20% or less would be rejected if 25 or more responses were observed in 90 treated patients. For the auto-HCTineligible cohort, the sample size of 30 treated patients was determined such that if the observed number of patients with objective response was 10, the true ORR was larger than 17% with 95% confidence.
IRC-assessed ORR, CR, and PR rates, duration of CR, DOPR, and investigator-assessed ORR were summarized for both cohorts separately by binomial response rates and their corresponding two-sided 95% CIs. IRC-assessed DOR, PFS, and OS were analyzed by cohort using the Kaplan-Meier product-limit method with median values and two-sided CI. Survival rate at 6 months was estimated using Kaplan-Meier values from the survival curve. AEs were coded using National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.0. 26 All on-study AEs, serious AEs (SAEs), and treatment-related AEs and SAEs were tabulated according to worst grade per National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.0, by system organ class and Medical Dictionary for Regulatory Activities preferred term.
RESULTS
Patient Baseline Characteristics and Disposition
Patients were enrolled between March 2014 and August 2015 across 45 sites globally (Appendix Fig A1, online only). Of 121 patients treated, 87 had relapsed/refractory disease after auto-HCT and 34 were auto-HCT ineligible. Baseline characteristics of the two groups are listed in Table 1 . In general, patients in the auto-HCT-failed group were younger and had better baseline performance status and longer time since diagnosis than did patients who were ineligible for auto-HCT. Patients had received a median of three prior systemic therapies in each cohort. In the auto-HCT-failed cohort, 40 patients (46%) did not receive any additional lines of systemic or radiation therapy between auto-HCT and the initiation of nivolumab. In the auto-HCTfailed group, 40% of patients had germinal center B-celllike (GCB) subtype and 32% had non-GCB subtype disease, and in the auto-HCT-ineligible group, 56% had GCB and 18% non-GCB subtype disease. Data were missing in the remainder. All but one patient who had evaluable samples were EBV negative (70 of 121 patients), one patient was EBV positive, and the remainder (n = 50) had either nonevaluable data, mixed results (more than one sample), or missing data.
Median number of doses of nivolumab received were four (range, one to 44 doses) in the auto-HCT-failed cohort and three (range, one to 22 doses) in the auto-HCT-ineligible cohort. At the time of analysis, seven patients (8%) in the auto-HCT-failed group were still on treatment, for whom the median duration of treatment was 14 months from the first study dose. No patients in the auto-HCT-ineligible cohort were still on treatment. Disease progression was the primary reason for discontinuing treatment (83%).
Efficacy
At a median follow-up of 9 months (range, 0.1 to 25 months) in the auto-HCT-failed cohort and 6 months (0.2 to 24 months) in the auto-HCT-ineligible cohort, IRCassessed ORRs were 10% and 3%, respectively ( Table 2) . Nearly one third of patients (31%) in the auto-HCT-failed cohort had IRC-assessed stable disease or better response ( Fig 1A) . Of the nine responders in the auto-HCT-failed cohort, CR occurred in three, with durable response and DOR of 11 or more months, 14 or more months, and 17 months at data cutoff. Of these three patients who achieved CR, two were still on treatment and one developed myelodysplastic syndrome unrelated to study drug and subsequently died. The other six patients achieved PR, with a median DOPR of 7 months (95% CI, 3 to 11 months). The one patient with IRC-assessed PR in the auto-HCT-ineligible group had a DOR of 8.3 months. Patients who achieved CR or PR had early responses, with a median time to response of 1.9 months ( Fig 1C) . Responses were observed in both the GCB subtype (CR in one and PR in four patients) and non-GCB subtype (CR in one and PR in three patients). Among responders, eight were EBV negative, one was not evaluable, and one had missing data (Appendix Table A1 , online only). One patient with PR had *Complete remission or partial remission. †Nonresponders included patients who had stable disease, progressive disease, or whose status was undetermined. ‡Patients who died or who went off study before the first radiographic assessment. §Censored value with ongoing response. transformed lymphoma. Among the seven patients who were still on treatment, two had CR, two PR, and three stable disease. Nineteen patients in the auto-HCT-failed cohort and five patients in the auto-HCT-ineligible cohort were treated with nivolumab beyond disease progressionnone achieved response after progression.
Median PFS was 1.9 months in the auto-HCT-failed cohort and 1.4 months in the auto-HCT-ineligible cohort, with a 6-month IRC-assessed PFS rate of 19.1% and 5.2%, respectively (Fig 2A) . Median OS was 12.2 months in the auto-HCT-failed cohort and 5.8 months in the auto-HCT-ineligible cohort, and 6-month OS rate was 67% and 47%, respectively ( Fig 2B) .
Safety
Grade 3 or 4 AEs were reported in 62% of all treated patients, of which 24% were deemed to be treatment related; none had a frequency of more than 5% ( Table 3) . The most common treatment-related AEs (TRAEs) were nausea (17%), fatigue (17%), and diarrhea (10%) -these were generally not severe (majority grade 1 to 2). Treatment-related SAEs were reported in 14 patients (12%). Four patients (3%) had TRAEs as the primary cause of discontinuation of treatment. TRAEs that contributed to treatment discontinuation included neutropenia, thrombocytopenia, diarrhea, pancreatitis, lipase increase, and dermatitis psoriasiform.
Rates of immune-mediated AEs were low in all treated patients with extended follow-up. The most common grade 3 to 4 immune-mediated AEs were nephritis and renal dysfunction (4%), hepatitis and hepatic dysfunction (3%), diarrhea (3%), and rash (2%).
Overall, 78 patients died. The primary reason for death was disease progression in 39 (45%) and 29 (85%) patients in the auto-HCT-failed and auto-HCT-ineligible cohorts, respectively. No death was attributable to study drug toxicity.
FISH and Immunohistochemistry
In total, 74 of 112 patients had evaluable tumor biopsy specimens for 9p24.1 FISH; 34% of DLBCL specimens were disomic and 45% were polysomic at PD-L1/PD-L2. PD-L1/PD-L2 polysomy in these DLBCLs was low level, largely only three copies in these tumors. Only 16% of DLBCLs exhibited copy gain, which was also low level in the majority of cases (three copies in nine of 13 cases). An additional 3% of tumors had amplification, including PD-L2-selective amplification in one patient. Patients were classified by the highest-level 9p24.1 alterations (Figs 3A and 3B), as previously described. 11, 23 DLBCLs with 9p24.1 amplification had additional tumor cells with copy gain (0% to 86%) and/or disomy (4% to 8%). Tumors with relative copy gain had additional cells with polysomy (2% to 58%) and/or disomy (2% to 82%), and DLBCLs that were categorized as polysomic had additional disomic tumor cells (14% to 98%; Fig 3B) . The percentage of residual disomic cells was lowest in DLBCLs with amplification, intermediate in tumors with copy gain, and highest in tumors with polysomy (P , .001; Fig 3C) , which is consistent with an ordered spectrum of 9p24.1 genetic alterations.
In this series of DLBCLs with infrequent low-level 9p24.1 alterations, membranous PD-L1 expression was only detected in four (9%) of 46 evaluable cases. One of the three patients who achieved CR had high-level 9p24.1 amplification, whereas the other two had normal 9p24.1 copy number or an unavailable biopsy specimen. Of the seven patients who achieved PR, five had available biopsy specimens and either normal 9p24.1 copy numbers (one patient), low-level polysomy (three patients), or copy gain (one patient). The five evaluable patients with PR had no detectable PD-L1 expression on tumor cells (Appendix Table A1 ). 
OS (months) OS (probability)
Auto-HCT failed (events: 46 of 87); median 95% CI,12.16 (7. 
DISCUSSION
In this phase II study, nivolumab monotherapy was associated with a low incidence of objective response in patients with relapsed/refractory DLBCL, and the study thus did not meet the primary end point. No new safety concerns were identified compared with previous studies that involved patients with solid tumors, HL, and non-HL, acknowledging that most patients received a limited number of doses. 19, 21, 27 ORR was lower in the current phase II study than in the phase I study of patients with DLBCL who had received nivolumab monotherapy. 21 This result may be attributed, in part, to differences in study design and patient population. We observed a higher response rate by investigator assessment than by IRC assessment in the phase II study population ( Table 2 ). Centralized IRC assessment on the basis of imaging scans offers standardized and more objective evaluation. In addition, the number of patients with relapsed/refractory DLBCL (n = 11) was low in the phase I study, leading to wide CIs around observed response rates. 21 Although ORR was low in this study, three patients who achieved CR had DORs of 17 months, 11 or more months, and 14 or more months; none of them had experienced progression at the data cutoff. Two were still alive at 30 and 38 months from first dose with their most recent survival status; however, the number of responders was too low to permit analysis of OS in this group. Whereas PD-L1/PD-L2 amplification in malignant cells was observed for one of these patients, the biologic basis for response in the other two patients is unclear.
Median number of nivolumab doses received (four in the auto-HCT-failed group and three in the auto-HCT-ineligible group) by patients with DLBCL was much lower than those received (16 and 17 doses) in studies that involved patients with relapsed/refractory HL, 19, 20 as the majority of the patients with DLBCL stopped treatment because of disease progression. Although it is possible that the rapid progression of DLBCL did not allow enough time for nivolumab to show an effect, we did not observe clear improvement of responses in the limited number of patients who had been treated beyond disease progression.
The study protocol included a prespecified stopping rule for futility but, on the basis of the safety profile of nivolumab and promising efficacy results observed in the phase I study, allowed enrollment to continue while the interim analysis result was pending. As a result of rapid accrual and delays related to IRC, the planned enrollment was reached before the futility analysis was concluded. Nevertheless, the majority of patients received only a short duration of nivolumab treatment and were allowed to switch to other cancer therapies upon discontinuation of the study treatment; there was no new safety signal observed. In the future, we shall ensure that study procedures are closely monitored to avoid potential delays in the timely completion of the interim analysis.
Previously reported data suggest that PD-L1 expression is associated with poor prognosis in patients with DLBCL 8 ; however, the prevalence of PD-L1 expression on DLBCL tumor cells seemed to be low (11%; with a 30% threshold) in that series, 8 as well as in a EBV-negative DLBCL series (11%; with a 5% threshold). 10 The 9p24.1 FISH analyses on a large number of DLBCL trial cases in this study indicate that the incidence and magnitude of 9p24.1 alterations are significantly lower in DLBCL than in cHL, as is the level of PD-L1 expression 20,23 (H-score; Appendix Fig A2,  online only) . These observations are consistent with the observed differences in the efficacy of PD-1 blockade in DLBCL and cHL and provide a possible explanation for why only a small proportion of patients with relapsed/refractory DLBCL benefit from nivolumab monotherapy. As a result of the low number of responders, there were insufficient data to accurately assess double-hit or c-Myc association with responses in this study.
Whereas the single-agent activity of PD-1 blockade was low in this unselected series of patients with DLBCL, it may be useful to evaluate the approach in select LBCL subtypes with increased PD-L1 expression, such as primary mediastinal B-cell lymphoma, EBV-positive LBCL, and T-cell/ histiocyte-rich LBCL. 10 Recent reports suggest that combination treatment strategies, such as chimeric antigen receptor T cells and nivolumab 28 and PD-1 inhibition with concomitant radiotherapy, 29 might also be considered.
In conclusion, the results of this phase II study indicate that nivolumab monotherapy has a low response rate but may provide benefit in a small number of patients with DLBCL who have experienced failure with auto-HCT or who are ineligible for auto-HCT and is associated with a favorable safety profile. Additional research on the influence of biologic factors, including the tumor microenvironment, is warranted to characterize whether a subset of patients with DLBCL may be more likely to respond to nivolumab-based treatment, if combination therapy can improve the therapeutic activity of PD-1 blockade, or if earlier use of these agents before intensive immunoablative chemotherapy may be more effective. 
